The impact of cloud-radiative interactions on the tropical circulation and its response to surface warming are studied in aquaplanet model simulations with prescribed sea-surface temperatures from eight global atmosphere models. Simulations with enabled and disabled cloud-radiative interactions are compared. In a present-day-like climate, the presence of cloud-radiative interactions strengthens the Hadley cell, narrows and strengthens tropical ascent, and widens subtropical descent. These cloud impacts are robust across models and are shown to be related to the energetics and mass constraints of the tropical atmosphere. Cloud-radiative interactions have no robust impact on the circulation response to surface warming but amplify model differences in the response of the ascent and the Hadley cell strength. The lack of robust cloud impacts is consistent with the fact that surface warming-induced changes in atmospheric cloud-radiative effects are small compared to the cloud-radiative effects in the present-day-like climate.
Introduction
Recent work showed that cloud-radiative interactions play an important role for the tropical circulation of the atmosphere. In particular, atmospheric cloud-radiative effects (ACRE; the difference between top-of-atmosphere and surface values of all-sky minus clear-sky radiative fluxes) were shown to narrow the Intertropical Convergence Zone (ITCZ). Various mechanisms have been put forward to explain the cloud-induced narrowing based on moist static energy considerations (Fläschner, 2016; Harrop & Hartmann, 2016; Popp & Silvers, 2017) . Harrop and Hartmann (2016) used the upper-level moist static energy to propose that the tropical upper-tropospheric heating by cloud-radiative interactions decreases convective available potential energy and postpones the onset of convection to latitudes closer to the equator. Popp and Silvers (2017) analyzed lower-level and vertically integrated moist static energy to suggest that the cloud-induced strengthening of the Hadley circulation leads to higher boundary layer moist static energies near the equator, and hence a narrower ITCZ. Fläschner (2016) started from the vertical-mean moist static energy to argue that the ITCZ narrowing is caused by a small equatorward displacement of ACRE with respect to the moist static energy maximum.
In this study, we propose an alternative view on how cloud-radiative interactions affect the ITCZ and, more generally, the tropical circulation. To this end, we idealize the tropical atmosphere as a two-box model, with one box representing the ascent region and one box representing the descent region (Byrne & Schneider, 2016a , 2016b . This allows us to qualitatively explain those cloud-radiative impacts that are robust across global models from basic energetics and mass constraints of the tropical atmosphere. Our interest here is in providing reasons for the robust qualitative impacts of ACRE. The arguments we put forward involve several approximations and, as a result, are found to be less suited to rationalize quantitative model differences in the ACRE impact.
Investigations of the cloud-radiative impact date back to at least Slingo and Slingo (1988) , Randall et al. (1989) , and Sherwood et al. (1994) . Here we follow recent work that has made use of idealized aquaplanet simulations in which cloud-radiative interactions are included, and simulations in which clouds are made transparent to radiation. The latter disables cloud-radiative interactions. These simulations are part of the Clouds On-Off Klimate Intercomparison Experiment (COOKIE; Stevens et al., 2012) . Aquaplanet simulations with comprehensive physics models highlight the impact of moist atmospheric processes related to convection and clouds. This makes them a useful test bed to study the fundamental mechanisms by which cloud-radiative interactions impact the tropical circulation. Extending previous studies, we provide a thorough characterization of the cloud-radiative impact on tropical precipitation and the Hadley circulation. This is important as the Hadley circulation shapes tropical and subtropical precipitation and Earth's radiation balance (Su et al., 2014) . We also study the subsiding part of the tropical circulation, which affects the net precipitation pattern in the subtropics (Scheff & Frierson, 2012) .
Clouds and their radiative interactions change as the climate warms. In climate models, cloud-radiative interactions and their response to climate change are important in setting the circulation response to climate change (Ceppi & Hartmann, 2016; Ceppi & Shepherd, 2017; Voigt et al., 2014; Voigt & Shaw, 2015 , 2016 . Besides aquaplanet simulations with present-day-like sea-surface temperatures (SSTs), COOKIE includes simulations with increased SSTs. This allows us to investigate to what extent the impact of cloud-radiative interactions depends on the climate state and to what extent changes in cloud-radiative interactions affect the circulation response to surface warming. Previous work using COOKIE focused on simulations with present-day-like SSTs.
Simulations and Circulation Metrics

COOKIE Simulations and Additional Simulations With the ICON Model
The COOKIE aquaplanet simulations (Stevens et al., 2012) follow the Coupled Model Intercomparison Project Phase 5 aquaplanet protocol (Neale & Hoskins, 2001; Taylor et al., 2012) . In the control (CTRL) simulation, SSTs are set to the zonally-uniform Qobs profile. In the 4K simulations, SSTs are increased everywhere by 4K to mimic global warming. Two versions of CTRL and 4K are available to study the role of cloud-radiative interactions. In onCTRL and on4K, clouds interact with radiation (clouds-on). In offCTRL and off4K, clouds are made transparent to radiation (clouds-off ). Because SSTs are prescribed, the aquaplanet setup isolates the impact of ACRE. The six atmospheric general circulation models that have provided the COOKIE simulations with CTRL and 4K SSTs are used here (Table 1 ). All months available from the Earth System Grid Federation (https://esgf-data.dkrz.de/) and Climate and Environmental Retrieval and Archive (https://cera-www.dkrz.de/) archives are used, with the first 6 months discarded to remove model initialization effects.
We further performed COOKIE aquaplanet simulations with two versions of the ICOsahedral Nonhydrostatic model (ICON; Zängl et al., 2015) . ICON did not contribute to the original COOKIE data set. The two versions of ICON use the same dynamical core but differ in the parameterizations of subgrid-scale physical processes, such as clouds, convection, and radiation. This provides us with an opportunity to assess the impact of physical parameterizations. The two ICON versions apply the physics packages used for numerical weather prediction (ICON-DWD; developed by the German Weather Service; version 2.0.15) and climate simulation (ICON-MPI; developed by the Max Planck Institute for Meteorology; version 2.1.00). The simulations are performed in R2B04 resolution (160 km horizontal resolution). For ICON-DWD, 60 levels extending up to 75 km and a time step of 1,440 s are used. For ICON-MPI, 47 levels extending up to 83 km and a time step of 600 s are used. We ran both versions for a simulated time of 10 years, with the first 6 months excluded from the analysis. Note. The numbers are calculated from the clouds-on minus the clouds-off simulations. The first number is for the control simulations and the second for the 4K simulations. Ψ is the Hadley circulation strength in 10 9 kg∕s,̄↑, and̄↓ are the magnitude of ascent and descent in hectopascal per day, HC is the width of the Hadley cell in degree latitude, and ↑ and ↓ are the width of the ascent and descent in degree latitude.P and P max are the tropical-mean (within 30 ∘ N/S) and the peak precipitation in millimeter per day.
Hadley Circulation Metrics
We idealize the tropical circulation as a two-box model, with ascending motion, deep convection, and high-level clouds in the equatorial box and descending motion, shallow convection, and low-level clouds in the subtropical box (e.g., Byrne & Schneider, 2016b; Pierrehumbert, 1995) . Figure 1 illustrates the two-box model and the aspects of the Hadley circulation that we investigate in this paper. Because the Northern and Southern Hemispheres are statistically identical, we average over the two hemispheres. Whereas previous COOKIE studies focused on the ITCZ and precipitation, we study the tropical circulation in terms of the Hadley cell and its ascending and descending branches. The Hadley cell width and strength are characterized by the zonal-mean time-mean meridional mass stream function. The Hadley cell width HC is defined as the distance between the equator and the first poleward zero crossing of the mass stream function at 500 hPa, using linear Figure 1 . Schematic of the circulation metrics studied in this paper. The black lines and symbols are for the present-day-like control simulation with disabled cloud-radiative interactions. The red lines and symbols show changes that are robust across models when cloud-radiative interactions are enabled. For example, the cloud-induced increase in the Hadley cell strength Ψ is depicted by a larger red cross, and the decrease in tropical-mean precipitationP and increase in equatorial peak precipitation P max is depicted by fewer red rain drops that are concentrated closer to the equator. The other symbols are defined in section 2.2 and the caption of Table 1 . HC = Hadley cell.
interpolation to account for the models' latitudinal grids. The Hadley cell strength Ψ is measured as the maximum absolute value of the mass stream function between the equator and 30 ∘ N/S and between 850 and 200 hPa.
The width and strength of the ascending and descending branches of the Hadley cell are characterized through the vertical pressure velocity . Following Medeiros et al. (2015) , the ascent and descent strengths,̄↑ and ↓ , are defined as the absolute values of the time-mean area-mean negative and positive within 30 ∘ N/S and averaged between 850 and 200 hPa. Because we take the absolute values, an increase in̄↑ and̄↓ implies stronger ascent or descent, respectively. The ascent width ↑ is defined as the distance between the equator and the first poleward zero crossing of at 500 hPa. Some simulations with a double ITCZ show weak descending motions around the equator. In these cases, the ascent width is nonetheless measured with respect to the equator. The descent width ↓ is given by the distance between the poleward edge of the ascent and the edge of the Hadley cell. We also considered an alternative metric for descent width, namely, the distance between the poleward edge of the ascent and the next poleward zero crossing of at 500 hPa, which includes part of the Ferrel cell and comprises the subtropical dry zone. We found that the two metrics are highly correlated (correlation coefficients > 0.84), and so we only report the first metric that focuses on the Hadley cell.
The circulation metrics are summarized in Figure 1 and Table 1 . Some of our arguments presented below include the tropical-mean (average within 30 ∘ N/S) and peak precipitation,P and P max . These are included in the tables. Note. The values are calculated from the 4K minus the control simulations. The first number is for the clouds-on setup and the second for the clouds-off setup. The cloud-radiative impact on the response to surface warming is given by the difference between the first and second numbers. The meaning of the symbols is as in Table 1 .
Impact of Cloud-Radiative Interactions on the Present-Day-Like Circulation
We start with how the presence of cloud-radiative interactions impacts the tropical circulation. We consider the CTRL simulations an idealized representation of the present-day climate and study the difference between the onCTRL and offCTRL simulations. We also studied the impact of cloud-radiative interactions in the 4K simulations and found the same qualitative results (Table 1 ; cf. supporting information Table S1 for relative changes).
Cloud-radiative interactions lead to several circulation changes that are robust across models (Table 1) . These include a stronger and narrower ascent, a wider descent, a decrease in tropical-mean precipitation, and an increase in peak precipitation. The IPSL-CM5A-LR shows a weaker Hadley cell in terms of Ψ, but a closer look reveals that also in this model the mass stream function strengthens in the lower free troposphere (Figure 9 of Harrop & Hartmann, 2016) . Moreover, a stronger Hadley cell was found by Watt-Meyer and Frierson (2017) in the CTRL simulations of three additional models. We therefore consider the strengthening of the Hadley cell by cloud-radiative interactions a robust cloud impact. Note that in MIROC5, the Qobs SST profile was used for the clouds-off simulations, whereas the clouds-on simulations used a SST profile with steeper gradients around the equator (Fläschner, 2016) . Thus, the ascent narrowing and Hadley cell strengthening found in MIROC5 partly result from SST changes, explaining the comparably strong circulation response in that model.
The impact of cloud-radiative interactions on other circulation metrics is not robust across models. Cloud-radiative interactions cause stronger descent in some models but weaker descent in others. They lead to an up to 3 ∘ lat narrower Hadley cell in some models but a slightly wider Hadley cell in others. The nonrobust impact on the Hadley cell width results from opposing changes in the ascent and descent widths. In some models, the ascent narrowing is larger than the descent widening and smaller in others.
We propose four simple reasons that help to understand the robust impacts of cloud-radiative interactions in a qualitative manner. To this end, we make use of understood properties of the tropical-mean atmospheric energy budget and the tropical atmosphere: radiative cooling is mainly balanced by condensational heating, tropical free-tropospheric temperatures are nearly uniform in the horizontal, tropical ACRE is dominated by high-level clouds associated with ascent and positive ACRE, and the Hadley circulation conserves mass.
We start from tropical-mean precipitation. We assume that precipitation is generated exclusively by ascending motion in the equatorial box of our two-box idealization of the tropical atmosphere (Figure 1 ). Tropical-mean precipitation,P, can thus approximately be written as a function of tropical-mean ascent strength,̄↑, and the fraction of the tropical area covered by ascent, A ↑ :
With the small-angle approximation, A ↑ ≃ ↑ ∕30 ∘ lat. The parameters and connect the circulation to precipitation and are in units of millimeter per hectopascal and millimeter per day, respectively. We estimate and by calculating the probability density function of local precipitation as a function of local and approximating the ascending part by a linear fit of the form P( ) = + . This is done for each model and simulation individually. The probability density functions as well as the and values are shown in Figure S1 and Table S2 .
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Tropical-mean ACRE is positive, as it is dominated by high-level clouds. Therefore, when allowed to interact with radiation, clouds heat the tropical atmosphere and compensate for some of the radiative cooling of the atmosphere. Following the atmospheric energy budget (Fläschner, 2016; Harrop & Hartmann, 2016; Popp & Silvers, 2017) , this reduces the need for condensational heating and leads to a decrease ofP in the clouds-on configuration compared to the clouds-off configuration ( Table 1 ). Knowing that
where is defined as the clouds-on minus clouds-off configuration; we combine equations (1) and (2) to express the fractional precipitation change due to the presence of cloud-radiative interactions relative to the clouds-off configuration as
The precipitation change due to the combined change in and is much smaller than the precipitation change due to changes in̄↑ and A ↑ ( Figure S2 ) and hence neglected. For reasons discussed below,̄↑ > 0.
Thus, forP to decrease, A ↑ must decrease. This explains the narrowing of the ascent and hence the ITCZ due to cloud-radiative interactions. It also explains the widening of the descent and hence the decrease in tropical-mean precipitation. This is because changes in the descent and ascent widths are negatively correlated in the COOKIE ensemble (correlation coefficient of −0.81 for CTRL SST and −0.93 for 4K SST), consistent with Coupled Model Intercomparison Project Phase 5 coupled models (Byrne & Schneider, 2016a) . In contrast, changes in descent width are not strongly correlated to changes in Hadley cell width, and changes in Hadley cell width are not robust across models, likely because of opposite impacts of tropical and extratropical ACRE (Watt-Meyer & Frierson, 2017) .
We now provide an argument for why cloud-radiative interactions strengthen the ascent. For this, we use the weak temperature gradient approximation (e.g., Thompson et al., 2017) 
where Q r is radiative heating, Q c is heating due to phase changes of atmospheric water, and S is the static stability.
Averaging vertically over the free troposphere and horizontally over the ascent region and neglecting spatial variations in S, we arrive at̄↑ = g dp ft c pQ
where g is the gravitational acceleration, dp ft is the pressure thickness of the free troposphere, c p is the heat capacity of air at constant pressure, and L is the latent heat of condensation.Q ↑ r andP ↑ are the net radiative heating (units of W * m −2 ) and precipitation (units of kg⋅m 2 ⋅ s −1 ) averaged over the ascent region. By restricting the vertical average to the free troposphere, we neglect reevaporation of rain in the boundary layer, which we consider unproblematic given the qualitative nature of our arguments. Because we consider the mean over the ascent region, is replaced by −̄↑ in the above equation. UsingP ↑ =̄↑ + , that is, the version of equation (1) valid in the ascent region, we write equation (5) as
Further manipulation yields̄↑
Equation (7) illustrates that the condensational heating associated with ascending motion can be regarded as a reduction in static stability and an increase in radiative heating, which both amplify the ascent in response to a radiative forcing. We finally write the fractional change in the ascent strength as
where we again have neglected changes in and . In the context of the clouds-on versus clouds-off simulations,Q ↑ r ≃ ACRE > 0 in the ascent region. Provided that the static stability does not change, cloud-radiative interactions thus lead to stronger ascent and thus an increase in peak precipitation. This is consistent with our approximations, as can be seen by rewriting equation (1) for local precipitation.
Equation (8) leaves the possibility that a large increase in static stability could lead to overall weaker ascent, but this is seen in none of the models. Equation (8) further illustrates that our arguments target the qualitative robust response and not the quantitative model differences therein. This is because models differ in S and S, which contributes to the lack of correlation between ACRE and the cloud-induced strengthening of ascent ( Figure S3 ).
Finally, we present an argument for why cloud-radiative interactions strengthen the Hadley circulation. In the framework of the two-box model, the Hadley cell strength Ψ is proportional tō↓A ↓ . One might also use the analogous relation for the ascent strength and width, but the relation based on the descent is found to better correlate with the stream function-based estimate of the Hadley cell strength ( Figure S4 ). With this, the relative change in the Hadley cell strength due to cloud-radiative interactions is
Changes in the descent strength differ in sign across models and in some models depend on SST. In contrast, there is a strong positive correlation across models between the widening of the descent and the Hadley cell strengthening (correlation coefficients of 0.89 for CTRL SST and 0.95 for 4K SST; Table 1 ). By mass conservation, the broader descent implies a stronger Hadley circulation. It is worth noting that IPSL-CM5A-LR is the only model in which cloud-radiative interactions weaken the Hadley cell. IPSL-CM5A-LR also shows the smallest increase in descent width and a comparably small decrease in ascent width (Table 1 and Table S1 ). This is consistent with the Hadley cell strengthening being driven by the cloud-induced widening of descent and narrowing of ascent.
Impact of Cloud-Radiative Interactions on the Tropical Circulation Response to Surface Warming
In this section we investigate the tropical circulation response to surface warming. Surface warming leads to a wider Hadley cell and wider and weaker descent for all models and both cloud configurations (Table 2; cf. Table S3 for relative changes), in line with previous studies with realistic model setups and with coupled atmosphere-ocean models (e.g., Frierson et al., 2007; Johanson & Fu, 2009; Lu et al., 2008 Lu et al., , 2007 Seo et al., 2014) . The response of the Hadley cell strength, the ascent strength, and ascent width is not robust across models and depends on the cloud configuration. Thus, the aquaplanet response is less consistent with previous studies that used coupled models and realistic boundary conditions and found the ascent to narrow and strengthen under global warming (e.g., Byrne & Schneider, 2016b; Lau & Kim, 2015) . To study how cloud-radiative interactions affect the circulation response to surface warming, we compare the difference between the 4K minus CTRL simulations in the clouds-on and clouds-off configurations. The cloud impact is given by the difference between the first and second number in Table 2 .
An important element of the arguments presented in section 3 is that tropical high-level clouds heat the atmosphere via ACRE > 0. Tropical high-level clouds increase in altitude with surface warming to maintain their cloud-top temperature (Hartmann & Larson, 2002) . Because ACRE depends on the temperature difference between the surface and the cloud tops, the ACRE of tropical high-level clouds tends to increase in response to surface warming . While one might expect that this leads to robust effects of cloud-radiative interactions on the circulation response to surface warming, this is not the case. The only robust impact of cloud-radiative interactions is a reduction of the increase in tropical-mean precipitation under surface warming (Table 2 ). Yet there is no significant correlation between the tropical-mean ACRE increase and the reduced precipitation increase due to surface warming in the clouds-on configuration across models ( Figure S5 ).
The lack of robust impacts of cloud-radiative interactions on the circulation response to surface warming is in contrast to the robust cloud-radiative impact on the present-day-like circulation. We attribute this to three reasons. First, changes in ACRE between the CTRL and 4K simulations are small compared to the ACRE value Tables 1 and 2. in CTRL. Second, changes in tropical-mean ACRE are more complicated than a simple ACRE increase in the deep tropics ( Figure S6 ). In some models (e.g., HadGEM2-A and IPSL-CM5A-LR), they involve changes in the subtropical ACRE. Other models (e.g., MIROC5 and MRI-CGCM3) show a decrease in deep-tropical ACRE, possibly due to a stability-induced reduction of the high-level cloud fraction (Bony et al., 2016) . Third, changes in the circulation are not consistent with the picture developed in section 3. This can, for example, be seen by comparing ICON-MPI and CNRM-CM5A ( Figure S6 ). ACRE increases near the equator in both models, but in ICON-MPI, cloud changes act to strengthen the ascent under surface warming and weaken it in CNRM-CM5A. We believe that this is because circulation-relevant factors such as vertical stability and atmospheric moisture content are not strongly impacted by the presence of cloud-radiative interactions in the present-day climate but change under surface warming . As a result, the cloud-radiative impact on the circulation response to climate change is smaller and more difficult to understand than the cloud-radiative impact on the present-day circulation.
Although cloud-radiative interactions have no robust impact on the circulation response to surface warming, they amplify the model spread in the response of the ascent and the response of the Hadley cell strength (Figure 2 ). Model spread in the clouds-on response of the ascent is 2-5 times larger than in the clouds-off response. In some models, cloud-radiative changes even change the sign of the ascent response. For example, in ICON-DWD, the ascent narrows and strengthens in the clouds-on but widens and weakens in the clouds-off configuration. Determining the reason for the increased model spread by cloud-radiative interactions is difficult, but the comparison between ICON-MPI and ICON-DWD points to parameterized cloud physics. In the clouds-off configuration, the ascent strength and width and the Hadley cell strength show a similar response in the two models but not in the clouds-on configuration (Figure 2 ). Regarding the descent and the Hadley cell width, clouds have no appreciable impact on the model spread. Overall, we find that cloud-radiative interactions primarily affect the surface-warming response of the ascent and the Hadley cell strength and have less of an impact on the descent and the Hadley cell width.
Discussion and Conclusions
We study the impact of cloud-radiative interactions on the tropical circulation and its response to surface warming using the COOKIE aquaplanet model ensemble expanded by the ICON model. The simulations study the ACRE, which predominantly arises from longwave radiation. For the present-day-like climate, cloud-radiative interactions lead to robust strengthening of the Hadley circulation and ascent, narrowing of the ascent and hence the ITCZ, and broadening of the descent.
We relate the robust cloud-radiative impacts to understood properties of the tropical atmosphere. Knowing that tropical-mean ACRE is positive, cloud-radiative heating counteracts the radiative cooling of the free troposphere and decreases tropical-mean precipitation. Cloud-radiative heating from tropical high-level clouds requires stronger adiabatic cooling and stronger ascent, which leads to an increase in peak precipitation. At the same time, because the ascent is strengthening, the reduction in tropical-mean precipitation requires a narrowing of the ascent region and the ITCZ. The narrower ascent region allows for a widening of the descent region and thus for a stronger downward mass flux in the subtropics and a stronger Hadley cell. The arguments that we put forward work in a qualitative manner but do not capture quantitative model differences in the qualitatively robust cloud impacts. This is not surprising given the approximations that are involved to derive them. While the arguments are not new individually, we present them here in a combined manner that highlights the importance of large-scale energetic constraints on the tropical circulation (cf. Popp & Silvers, 2017) and mirrors the energy budget considerations developed for the ITCZ position (e.g., Bischoff & Schneider, 2014; Donohoe & Voigt, 2017; Kang et al., 2009 ).
We also study how changes in cloud-radiative interactions affect the circulation response to surface warming (Ceppi & Hartmann, 2016; Ceppi & Shepherd, 2017; Voigt & Shaw, 2015 , 2016 . The analysis of the COOKIE ensemble in terms of climate change does not reveal robust cloud impacts, apart from the small decrease in the hydrological sensitivity . The lack of robust cloud-radiative impacts on the circulation response to surface warming is in contrast to Voigt and Shaw (2015) and Voigt and Shaw (2016) , who applied the same aquaplanet setup as COOKIE but used the cloud-locking method. We suspect that the discrepancies in the COOKIE and locked-clouds approaches result from the fact that the cloud signal estimated from COOKIE includes changes in the reference state as well as water vapor, both of which can affect the circulation response (Kidston & Gerber, 2010; Voigt & Shaw, 2015 
